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Association of a functional FAAH polymorphism with methamphetamine-induced symptoms and dependence in a Malaysian population Methamphetamine is one of the most widely abused illicit drugs; it is a highly addictive drug of abuse [1] . It has become increasingly popular in recent years and its abuse continues to be a growing problem worldwide. The United Nations Information Service estimated that, in the year 2005, 26 million people used amphetamine-type stimulants, 11 million used opiates and 14 million used cocaine [101] . It was also reported that 53% of global total meth amphetamine users live in Asia [102] . In Malaysia, the National AntiDrug Agency reported that 3428 addicts were dependent on methamphetamine (from January to October 2010), nine-times the 384 addicts who were dependent on it the previous year (from January to October 2009) [103] .
The endocannabinoid system is one of the most important neural signaling pathways implicated in substance abuse and dependence [2] . FAAH is an integral membrane enzyme that terminates the activity of a large class of endogenous signaling lipids termed fatty acid amides [3] . FAAH is widely expressed in neuronal cells in the CNS, predominantly in the neocortex, hippocampal formation, amygdala and cerebellum [2] . In vitro, FAAH has esterase and amidase activity [4] . Representative fatty acid amides degraded by FAAH include the endogenous cannabinoid N-arachidonoyl ethanol amine (anandamide; AEA), the anti-inflammatory substance N-palmitoyl ethanolamine and the sleep-inducing lipid 9Z-octadecenamide (oleamide) [5] .
In an animal study conducted by Cravatt and Lichtman [6] , they showed that Faah knockout (KO) mice display highly elevated (>15-fold) levels of N-acylethanolamines and N-acyltaurines in various tissues. Because of the impaired ability to degrade AEA and significantly elevated AEA levels, Faah KO mice have an analgesic phenotype, showing reduced pain sensation in the hot plate test, the formalin test and the tail flick test [6] . Faah KO mice also displays supersensitivity to exogenous AEA, a cannabinoid receptor agonist [7] . Similarly, studies have reported that administration of FAAH inhibitors to rodents causes a significant increase in the brain level of fatty acid amides that correlates with CB1-mediated anxiolytic and analgesic effects in treated animals [8] [9] [10] . This finding Aim: FAAH is a membrane enzyme that terminates the activity of a large class of endogenous signaling lipids. Recent studies suggest that the FAAH Pro129Thr polymorphism is a common mutation in the FAAH gene that is significantly associated with drug-addictive traits. This study investigated the association of the Pro129Thr polymorphism of the FAAH gene with methamphetamine dependence, methamphetamine-induced psychosis, manic episodes and panic disorder in a Malaysian population. Materials & methods: This polymorphism was genotyped in 232 male methamphetamine-dependent subjects and in 241 male controls of four different ethnicities: Malay, Chinese, Kadazan-Dusun and Bajau. Intergroup statistical analyses were performed by using the c 2 -square test and Fisher's exact test, where necessary. In cases of multiple comparisons, the Bonferroni correction was performed. Results: Our results indicated that the FAAH Pro129Thr polymorphism showed a significant association with risk of methamphetamine dependence in the pooled subjects (odds ratio [OR]: 2.017; p < 0.001) and in the Malay (OR: 2.829; p < 0.001) and Chinese (OR: 3.685; p < 0.001) groups. We also found an association of this polymorphism with episodes of methamphetamineinduced mania in the Malay group (OR: 2.836; p = 0.035). However, there was no association between this polymorphism and age of onset of drug use or the occurrence of methamphetamine-induced psychosis or of panic disorder. Conclusion: Our findings suggest that the FAAH Pro129Thr polymorphism may contribute to methamphetamine dependence in the Malay and Chinese ethnic groups.
future science group indicates that FAAH is the primary catabolic regulator of fatty acid amide signaling in the nervous system and may modulate a variety of neurobehavioral processes [7] .
Considering that the genetic deletion of Faah in mice results in an adult animal with greatly increased endogenous brain levels of AEA and related fatty acid amides, polymorphisms in the human FAAH gene that produce a functionally altered enzyme may also be expected to shift tonic levels of these CNS signaling lipids [11] . According to Flanagan et al., the FAAH polymorphism in 385 C>A may be associated with a risk of drug addiction [12] . This missense mutation results in substitution of a proline residue by threonine (P129T), producing a FAAH variant that displays normal catalytic properties but an increased sensitivity to proteolytic degradation. A study suggests that the reduced cellular expression level of FAAH P129T is caused by a post-translational mechanism that precedes the productive folding of this enzyme. In this situation, FAAH P129T may show inefficient rates of folding compared with wild-type, which could make this mutant enzyme more susceptible to rapid degradation by cellular proteases [3] . This has been associated with recreational drug use and problems of alcohol and drug abuse [13] . This FAAH polymorphism has also been shown to be associated with cannabis dependence [14, 15] . Furthermore, in a separate study, this poly morphism has not only been shown to be associated with cannabis dependence, but it was suggested that these effects may be related to hyperactivity in the reward pathways [16] . This may provide the evidence that the Pro129Thr FAAH polymorphism may be involved in conferring risk for methamphetamine abuse. However, a study showed that this polymorphism is not associated with heroin dependence in Caucasians, African-Americans or Asians [17] . In our present study, we examined the association of Pro129Thr FAAH (rs324420) with methamphetamine dependence, its age of onset, and the occurrence of psychosis, mania episodes and panic disorder in a methamphetamine-dependent male Malaysian population.
Materials & methods
n Subject recruitment & sample collection Samples for the case-control study were obtained from a drug rehabilitation center in Papar (Sabah, Malaysia) that specializes in rehabilitating methamphetamine-dependent patients. The subjects were all patients who fulfilled the Diagnostic and Statistical Manual of Mental Disorders, fourth edition (DSM-IV) criteria for amphetamine and methamphetamine dependence [18] . Methamphetamine use was confirmed by a positive urine test for methamphetamine during recruitment. Qualified psychiatrists of the two centers confirmed the presence or absence of psychosis. The subjects were considered to have psychosis if they had persecutory delusions and delusions of reference or presented with auditory, visual or tactile hallucinations [19] . Subjects were considered to have panic disorder and manic episodes if they fulfilled the DSM-IV criteria for panic and mania based on the Mini-International Neuropsychiatric Interview (M.I.N.I.) [20] . Subjects with mixed or unclear ethnicity and those with a history of psychiatric illness and other drugs dependence were excluded. The controls were obtained from healthy volunteers in the University Malaya Medical Centre and from the Luyang Health Clinic, Sabah, in east Malaysia. They were medically healthy with no history of chronic medical or surgical illness, had no previous history of psychiatric illness and did not fulfill the DSM-IV criteria for amphetamine and methamphetamine dependence. The sample size was calculated by using an online program, namely power for association with errors (PAWE) [21, 22] with 80% power of study. A total of 232 subjects and 241 controls comprising Malay, Chinese, Kadazan-Dusun and Bajau ethnicities were recruited from the rehabilitation center in which strict control was enforced at the center such that the participants would not have any chance to be under the influence of methamphetamine or any drugs of abuse at the time of study, and hence were able to comprehend all the important aspects of the study through verbal communication and a questionnaire. Under this condition, the participants' capacity to consent was not compromised, and written informed consent was obtained from the participants. Approval for the study was obtained from the University Malaya Medical Centre Ethics Committee. Clinical and demographic data are shown in Table 1 . n DNA preparation & analysis Blood (3 ml) was collected from each participant by a standard method in an ethylenediaminetetraacetic acid tube. DNA was extracted from leukocytes by using the QIAamp ® DNA Blood Mini Kit (Qiagen, Hilden, Germany). In cases in which the participant was reluctant to provide blood samples, buccal swab tissues
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Functional FAAH polymorphism & methamphetamine in a Malaysian population ReseaRch aRticle www.futuremedicine.com 507 future science group were obtained by the QIAmp ® DNA Mini Kit (Qiagen). Genotyping of the Pro129Thr genetic polymorphism of the FAAH gene (C385A, rs324420) was performed by using PCR-based methods with forward and reverse primers (forward: 5´-ATG TTG CTG GTT ACC CCT-CT CC-3´; reverse: 5´-TCA CAG GGA CGC-CAT AGA GCT G-3´). The PCR reaction was performed under the following conditions: 95°C for 5 min; then 35 denaturing cycles of 30 s each at 95°C, 30 s of annealing at 65°C and 30 s each at 72°C for extension; and final elongation at 72°C for 10 min. PCR was carried out by using PCR Master Mix (Fermentas International Inc., ON, Canada).
Following that, the RFLP method was conducted with restriction enzyme Eco0109I (New England Biolabs, MA, USA). The PCR product was digested by Eco0109I and the mixture was incubated at 37°C in a dry-block heater overnight. The temperature was then increased to 65°C for 20 min to terminate the activity of the enzyme. After the DNA was digested by the restriction enzyme, products were loaded on a 2.5% (weight per volume) agarose gel stained with GelRed™ (Biotium, CA, USA) and then separated by electrophoresis. The gel was viewed under UV light to observe restriction patterns. The size and distribution of the band was used to determine the genotype of the DNA sample. The homozygous 129Pro (385C/385C) genotype formed two single bands: one of 197 and one of 25 and 12 bp merged that migrated together. The heterozygous 129Pro/129Thr (385C/385A) genotype generated three bands: one of 209, one of 197, and one of 25 and 12 bp merged. The homozygous 129Thr/129Thr (385A/385A) produced two bands of 209 bp and 25 bp (Figure 1 ). The 100-bp ladder was used as a DNA marker. The PCR products were selected randomly for direct DNA sequencing for validation. n Statistical ana lysis Intergroup statistical analyses were performed by using the c 2 test and the Fisher's exact test, where necessary, to compare each ethnic group's cases with ethnically matched healthy controls for the frequencies of the FAAH 129Pro/129Pro (385C/385C), 129Pro/129Thr (385C/385A) and 129Thr/129Thr (385A/385A) genotypes. Fisher's exact test was performed when sample sizes were too small. For all analyses, p-values of less than 0.05 were considered statistically significant. In cases of multiple comparisons, the Bonferroni correction test was performed. 
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Results
The allelic and genotype frequencies for the Pro129Thr polymorphism in the methamphetamine-dependent subjects and control subjects are summarized in Table 2 . The genotype distribution in both controls and methamphetamine-dependent subjects fulfilled the Hardy-Weinberg equilibrium. It is apparent that the Pro129Thr polymorphism of the FAAH gene is strongly associated with the occurrence of methamphetamine dependence in the pooled Malaysian population studies (p < 0.001).
Following stratification into different ethnic groups, the Pro129Thr polymorphism of the FAAH gene also demonstrated significant, strong associations with methamphetamine dependence in both Malay and Chinese ethnic groups in terms of both genotype and allelic frequency (Table 2 ). This reflected a significantly increased frequency of the A allele in methamphetamine-dependent subjects above the control subjects. Comparison of the 129Thr/129Thr genotype with 129Pro/129Thr plus the 129Pro/129Pro genotype revealed that the homozygous carriers of the 129Thr allele have 11-times and seven-times the odds ratios of being dependent on methamphetamine in the Malay and Chinese groups, respectively (Table 3) . However, a comparison of the homozygous genotypes, 129Thr/129Thr versus 129Pro/129Pro, showed that the risk of being dependent on methamphetamine was significantly increased at 5.4-and 4.3-times the odds ratios in the Malay and Chinese groups, respectively. Nevertheless, our study revealed no significant effects in the other ethnic groups studied.
With regard to the occurrence of methamphetamine psychosis, no significant difference in either genotype frequency or allele frequency was seen in a comparison of methamphetaminedependent subjects who experience psychosis with those who do not, in all four ethnic groups studied (SupplemenTary Table 1 ; see www.futuremedicine.com/doi/suppl/10.2217/pgs.13.25).
Comparison of the different genotype combinations also showed no significant difference in the odds ratio (p > 0.05).
When comparing methamphetaminedependent subjects who experience manic episodes with those who do not, we found that only the Malay ethnic group showed significant differences in both genotype frequency and allele frequency (Table 4) . For methamphetamine-induced panic disorder, no significant difference in either genotype frequency or allele frequency was found when we compared methamphetaminedependent subjects who experience panic disorder with those who do not, either in the pooled subjects or after stratification into the four ethnic groups in the study (SupplemenTary Table 2 ).
Furthermore, the effect of the FAAH Pro129Thr genetic polymorphism on the age of onset of methamphetamine abuse was also analyzed in 232 methamphetamine-dependent subjects. The mean age of onset ± standard deviation for the methamphetamine-dependent groups was 23.0 ± 7.7 years for FAAH 129Pro/129Pro (n = 100), 24.4 ± 10 years for FAAH 129Pro/129Thr (n = 101) and 24.5 ± 9.1 years for FAAH 129Thr/129Thr (n = 31). These differences were not significant in the pooled dependent subjects (p = 0.485), nor were there significant differences in any of the individual ethnic subgroups. that the odds ratio for the 129Thr/129Thr homozygous genotype was 4.5 (p < 0.001) [13] . By contrast, these findings are not in agreement with that of Agrawal et al., who reported that this missense mutation is only associated with risk for substance dependence in Caucasian and African-American, but not in Japanese or in other Asian populations [23] . Given the small sample size, the effect size in this study appears large for a single SNP for a behavioral trait. However, our finding is compatible with the study by Sipe et al. in that individuals homozygous for the minor A allele were nearly five-times more likely to be street drug users or to report problems of alcohol or drugs abuse [13] . Since the effect can be detected in such a small sample, it does suggest that the polymorphism may confer a major effect on susceptibility to substance abuse. The effects were strongest in those with comorbid drug and alcohol problems but not statistically significant in individuals with alcohol or nicotine dependence in the absence of illicit drug use [23] .
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The risk allele 129Thr was found to be significantly associated with susceptibility to methamphetamine dependence in Malay and Chinese groups. A study reported that the Malaysian-Malay population has a very close genetic relationship with the Indonesian-Malay population indicating a common ancestral history [24] . The Malaysian-Chinese on the other hand, are descended from the Han Chinese from southern China [25] . The results of our study showed the allele frequency of 129Thr to be 84% in the Malaysian-Chinese group, which is consistent with the study by Zeng et al., which highly significant contribution of the Pro129Thr carrier status to multiple drug dependence with an odds ratio of 3.2 in the Caucasian population [12] . Consistent with this finding, our results showed that there was a significant difference between the cases and controls in the pooled subjects, with an odds ratio of 2.017 (p < 0.001). Furthermore, the p-value still showed a significant difference following correction for multiple testing. The risk was higher in homozygous 129Thr carriers with an odds ratio of 3.563 when compared with homozygous 129Pro plus hetero zygous 129Pro/129Thr carriers. Our results suggest that the 129Thr allele is a strong risk factor for methamphetamine dependence in the male population. These findings also suggest that the 129Thr allele may be recessive, which is compatible with the findings of Sipe et al., who concluded that this Pro129Thr polymorphism is functionally recessive [13] . Furthermore, the odds ratio doubled in the comparison of allelic frequency for the homozygous 129Thr allele with the homozygous 129Pro allele. This result suggests that the 129Thr allele imparts a higher risk when in homozygous form.
After stratifying our samples into four different ethnic groups, we found that the Malay and Chinese ethnic groups were significantly different for this polymorphism between the case and control subjects. These results suggest that the 129Thr allele carriers in the Malay and Chinese ethnic groups are more susceptible to methamphetamine dependence. The results remained significant following Bonferroni correction. These findings are also in line with the study carried out by Sipe et al., which reported 
Methamphetamine-induced psychosis
CC vs AA 
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future science group reported a frequency of 88% in the Chinese population in China. Interestingly, positive association was seen between this polymorphism and susceptibility to methamphetamine dependence in both populations [26] . However, our findings did not show any significant association between the FAAH Pro129Thr polymorphism and methamphetamine dependence in the Kadazan-Dusun and Bajau groups. The likely explanation may be that these two populations originate from a different genetics pool from the Chinese and Malays with different populationattributable risks, which may be caused by different lifestyle, cultures, geography and dietary habits.
The results of this study show that this polymorphism in the pooled subjects and in certain Malaysian subpopulations creates a risk factor for methamphetamine dependence. However, the difference in the ages of onset for methamphetamine abuse from either the pooled data or the data from ethnic stratification within the three genotypes was not significant. This finding is compatible with a previous study, which reported no significant association between this polymorphism and age of onset of methamphetamine dependence in a Japanese population [2] .
Although this study demonstrates a highly significant difference in the FAAH Pro129Thr polymorphism between the Malaysian male methamphetamine-dependent subjects and the control subjects, we did not find any significant difference between the methamphetaminedependent subjects with psychosis and those without psychosis, either in the pooled subjects or after stratification into different Malaysian ethnic groups. Therefore, this polymorphism may not be associated with methamphetamine-induced psychosis.
The use of methamphetamine has often been associated with manic episodes and panic disorder; however, we found that only the Malay ethnic group showed a significant difference in this study when we compared methamphetaminedependent subjects who experience manic episodes with those who do not, suggesting that this FAAH Pro129Thr polymorphism may be associated with methamphetamine-induced manic episodes in this ethnic group. Interestingly, the results revealed that the 129Thr allele and the homozygous 129Thr genotype occur more frequently in the subjects who experience methamphetamine-induced manic episodes than in those who do not. This phenomenon contrasted sharply with the results for other ethnic groups, as well those for the pooled subjects (Table 4) . The risk for methamphetamineinduced manic episodes in the Malay group possessing the 129Thr allele was 2.8-times higher than that in the group with the 129Pro allele. However, the risk for the homozygous 129Thr plus heterozygous 129Pro/129Thr carriers was 9.3-times higher than that in the group with homozygous 129Pro carriers (Table 3) , suggesting that this polymorphism may be associated with methamphetamine-induced manic episodes and may conform to the dominant model in the Malay population. This contrasted with our finding for methamphetamine dependence, which showed a recessive model. For panic disorder, we did not find any significant difference between the methamphetamine-dependent 
future science group subjects with this disorder and those without it, either in the pooled subjects or after stratification into the different Malaysian ethnic groups. This polymorphism may not be associated with methamphetamine-induced panic disorder.
This study has its limitations, one of which is that we did not investigate the other polymorphisms of the FAAH gene but focused on just one SNP. Nevertheless, the P129T is the only functional polymorphism found in the FAAH gene that has been shown to play an important role in functional alteration in the FAAH enzyme [27] . However, it is possible that other variants in the FAAH gene may also contribute to susceptibility to methamphetamine abuse. In this study, all our subjects are male. Although this can be considered as a study limitation, it does reflect the fact that methamphetamine abuse is higher among males than females and can also be viewed as providing greater homogeneity of the study population. Further study could include investigation of a series of tagging SNPs and subsequent haplotype analyses with a larger sample size, which should provide more evidence to confirm the genetic influence of FAAH in methamphetamine abuse.
In conclusion, the results of this study showed that the rs324420 Pro129Thr polymorphism of the FAAH gene is strongly associated with the occurrence of methamphetamine dependence in the pooled Malaysian population studied. Following stratification into different ethnic groups, the Pro129Thr polymorphism of the FAAH gene also demonstrated a strong association with methamphetamine dependence in Chinese and Malay ethnic groups in terms of both genotype and allelic frequency. In addition, our results demonstrated that this polymorphism may be associated with methamphetamineinduced manic episodes in the Malay group. However, no association could be demonstrated between this polymorphism and the occurrence of methamphetamine-induced psychosis and panic disorder, or with the age of onset of methamphetamine use, either in the pooled subjects or when subjects were stratified into different ethnic groups.
Future perspective
This study may be able to gain insight into the pharmacogenomics of drug dependence and to provide better profiling of drug addicts. Through this profiling, we may be able to predict which individuals or ethnics groups will be susceptible to drug dependence and psychosis. This study may also assist in providing a more efficient treatment option for drug addicts and provide some useful information to achieve the personalized medicine in the future. 
executive summary FAAH genetic polymorphisms
FAAH is an important enzyme involved in the metabolism of signaling lipids including the endogenous cannabinoid N-arachidonoyl ethanolamine (anandamide).
The FAAH gene has a common functional missense polymorphism, Pro129Thr, that we have investigated for association with methamphetamine dependence in drug abusers and control subjects in a Malaysian population.
Methamphetamine dependence
Pro129Thr showed a strong association with risk of methamphetamine dependence in pooled subjects and was significantly associated with risk of methamphetamine dependence in Chinese and Malay ethnic groups. The 129Thr allele is a strong risk factor for methamphetamine dependence, especially as the homozygous genotype.
Methamphetamine-induced mania
Malay 129Thr/Thr and 129Pro/Thr carriers also had a higher risk of methamphetamine-induced mania.
Future perspective
Further study with a larger sample size may provide more evidence to confirm the genetic influence of FAAH on methamphetamine abuse.
A u t h o r P r o o f

